Williams syndrome, caused by a hemizygous microdeletion on chromosome 7q11.23, is characterized by severe impairment in visuospatial construction. To examine potential contributions of early visual processing to this cognitive problem, we functionally mapped the size and neuroanatomical variability of primary visual cortex (V1) in high-functioning adults with Williams syndrome and age-and IQ-matched control participants from the general population by using fMRI-based retinotopic mapping and cortical surface models generated from high-resolution structural MRI. Visual stimulation, consisting of rotating hemicircles and expanding rings, was used to retinotopically define early visual processing areas. V1 boundaries based on computed phase and field sign maps were used to calculate the functional area of V1. Neuroanatomical variability was assessed by computing overlap maps of V1 location for each group on standardized cortical surfaces, and non-parametric permutation test methods were used for statistical inference. V1 did not differ in size between groups, although its anatomical boundaries were more variable in the group with Williams syndrome. V1 overlap maps showed that the average centres of gravity for the two groups were similarly located near the fundus of the calcarine fissure, $25 mm away from the most posterior aspect of the occipital lobe. In summary, our functional definition of V1 size and location indicates that recruitment of primary visual cortex is grossly normal in Williams syndrome, consistent with the notion that neural abnormalities underlying visuospatial construction arise at later stages in the visual processing hierarchy.
Introduction
Williams syndrome, a neurodevelopmental condition caused by hemizygous deletion of approximately 25 genes on chromosome 7q11.23, is characterized by mild-to-moderate intellectual disability, relatively preserved language and verbal short-term memory abilities and marked visuospatial construction deficits (Meyer-Lindenberg et al., 2006) . This pattern of cognitive strengths and weaknesses has been operationalized into a highly specific and sensitive 'Williams syndrome cognitive profile' (Mervis et al., 2000) . The syndrome is of particular interest because it represents a rare case in which an established human genetic mechanism can be related to a remarkably specific cognitive phenotype and the neural substrate explored with structural and functional neuroimaging.
Behavioural studies have focused on dissociating relative strengths and weaknesses in visual processing with the aim of providing clues about brain areas affected by Williams syndrome. The hallmark cognitive deficit of the disorder, visuospatial construction, is manifested by poor performance on tasks that depend on 'the ability of an individual to see an object in terms of a set of parts and use those parts to construct a replica of the pictured object' (Frangiskakis et al., 1996) . It is traditionally tested by assembling blocks into a prescribed design and depends upon cognitive operations that fall largely in the visuospatial construction domain (Bellugi et al., 1988 (Bellugi et al., , 1994 Mervis et al., 1999; Mervis, 1999, 2007) , thus implicating dorsal visual processing areas as defined by Ungerleider and Mishkin (1982) in monkeys and Haxby et al. (1991) in humans. A number of studies have provided behavioural evidence of impaired visuospatial cognition specifically associated with dorsal stream function but relatively unimpaired performance on visual tasks associated with ventral stream function for individuals with Williams syndrome (Atkinson et al., 1997 (Atkinson et al., , 2003 Bellugi et al., 2000; Paul et al., 2002; Farran, 2006; Landau et al., 2006; Vicari and Carlesimo, 2006) .
In particular, individuals with Williams syndrome perform at about the same level as mental-age matched typically developing individuals on tasks associated with ventral stream function (e.g. form coherence, indicating which picture matched the orientation of a mail slot, object recognition, memory for objects) but at a significantly lower level on tasks associated with dorsal stream function (e.g. perception of form from motion, accuracy in inserting a card in a mail slot at various orientations, memory for object location).
The fact that performance on object-oriented tasks is relatively unimpaired for individuals with Williams syndrome suggests that early visual areas, which are necessary to support these hierarchically more advanced ventral stream processes, are functionally intact (Atkinson et al., 1997; Bellugi et al., 1999 Bellugi et al., , 2000 . Indeed, performance on tests of visual acuity, stereopsis and visual field does not account for the impairments on visuospatial construction tasks (Atkinson et al., 2001) , providing further support for unimpaired early visual processing neural centres. In addition, global motion studies, in which participants with Williams syndrome have demonstrated a specific deficit, do not differentially activate V1 (Braddick et al., 2000) . A recent study which examined in vivo retinal thickness, optic disk concavity and psychophysical measures of visual performance found that individuals with Williams syndrome had a significantly reduced retinal thickness, with the magnocellular pathway particularly affected. Interestingly, retinal thickness was correlated with low-level motion detection task performance but not with higher-level visuospatial processing tasks (Castelo-Branco et al., 2007) . While the findings of some studies of brain structure have suggested that early visual areas may be altered in Williams syndrome (Reiss et al., 2000 Schmitt et al., 2001; Galaburda et al., 2002; Van Essen et al., 2006 Given these conflicting data, in the present study, we sought to establish the neurofunctional status of early visual processing in Williams syndrome. We used standard fMRI-based retinotopic mapping procedures (Engel et al., 1994; Sereno et al., 1995; DeYoe et al., 1996) to directly and specifically probe primary visual cortex, or V1, the earliest cortical visual area, by measuring each individual's functionally defined V1 surface area. Next, we investigated between-group differences in V1's spatially normalized anatomical locale and its variability. Since individuals with Williams syndrome often have mild-to-moderate intellectual disability, neuroimaging studies of this population are faced with particular challenges regarding participant compliance and control group selection. Regarding the latter, comparing a group of low-IQ Williams syndrome participants to a group of normal-IQ controls would represent a potential confound that would impact on the interpretation of the neuroimaging data because group differences could be attributable to differences in intellectual ability per se, rather than to conditions specific to Williams syndrome. To avoid these issues, we recruited an exceptional group of participants with Williams syndrome with normal intelligence. This exceptional Williams syndrome cohort was not only able to cooperate with the complexities and demands inherent in retinotopic mapping, but also allowed us to select an IQ-matched comparison group composed of individuals from the general population. We took this approach (i) because abnormalities found even in this highperforming group are likely to be characteristic of this syndrome as a whole, (ii) because of the exacting level of cooperation and attention required for technically adequate retinotopic mapping and (iii) because the neurobiological phenotype will be close to the genetic substrate of the disorder, consistent with our overall objective of using neuroimaging to forge a link between the effects of specific genes and brain mechanisms of cognitive and behavioural disorders. Our participants with Williams syndrome were, therefore, matched with healthy controls not only for age and handedness, but for IQ as well (Table 1) , and they were also in good physical health.
Methods Participants
Ten participants with Williams syndrome (5F, 5M; Mean age = 31.3 years; SD = 9.0) with normal IQ (Mean = 92.1, SD = 8.8) and 10 demographically matched (3F, 7M; Mean age = 29.3 years; SD = 5.0; mean IQ = 96.2, SD = 7.4) controls from the general population completed this study (Table 1) . Participants with Williams syndrome were genetically tested with fluorescent in situ hybridization (FISH) to verify the Williams syndrome diagnosis and define the extent of the deletion; all participants with Williams syndrome had classic hemideletions on chromosome 7q11.23. IQs were measured by the two-subset form of 
Task design
Following standard retinotopic mapping procedures (Engel et al., 1994; Sereno et al., 1995; DeYoe et al., 1996) , two types of visual stimuli were used to map polar angle and eccentricity: (i) black and white rotating checkerboard hemifield (rotating period = 40 s) and (ii) expanding ring stimuli on a black background (visual angle = 18 ; flicker frequency = 8 Hz; expanding period = 32 s). Previous studies have shown attentional effects on BOLD response in primary visual cortex (Watanabe and Shimojo, 1998; Brefczynski and DeYoe, 1999; Kastner et al., 1999; Somers et al., 1999) ; therefore, a simple buttonpress task was employed to engage the participants and also to ensure fixation to the centre of the screen throughout the trial. In the rotating checkerboard task, participants were instructed to decide whether a coloured line superimposed on the central fixation point was red or blue and make a button press accordingly. The target line appeared for 100 ms at intervals that varied randomly between 4.5 and 5 s. In the expanding ring task, participants pressed the button each time they detected the onset of a new ring expansion from the centre. Stimuli were presented through a binocular fibre-optic goggle system (Avotec model SS-3100), and participants' eyes were continuously monitored with a camera to ensure fixation.
Image processing
Structural images were intensity normalized, registered and averaged to improve signal to noise. The averaged image was then registered, using AFNI's (Cox, 1996) '3dvolreg' tool (with 6 DF), to an additional structural image acquired just prior to the first functional image run. FMRIB's 'Brain Extraction Tool' [BET, (Smith, 2002) ] was used in combination with MEDx's 'Interactive Segmentation' (Medical Numerics, Inc., Sterling, Virginia) to remove extracranial matter. Freesurfer ver. 0.9 Fischl et al., 1999a) was used to segment grey and white matter and create white matter and pial surface representations for each participant. These surface representations consisted of large numbers of points, or nodes, typically 150 000, connected in a triangular mesh. Functional data were visually checked for artifacts and movementrelated spikes. Participants were excluded from further analysis, if any within-run movement parameters exceeded 2 mm. Based on these criteria, data from four of 14 participants with Williams syndrome and two of 12 control participants were excluded. Functional data that survived these stages were then subjected to further pre-processing, using several AFNI tools. Within each run, slice time acquisition correction was performed to account for interleaved acquisition, after which each functional run was volume registered to the first volume acquired in the series. Images were spatially smoothed with a 2 mm FWHM Gaussian kernel and then averaged to increase the signalto-noise ratio in the functional dataset (using '3dTshift', '3dvolreg', '3dmerge' and '3dMean', respectively). Using FMRIB's 'Linear Image Registration Tool' [FLIRT (Jenkinson et al., 2002) ], each participant's functional datasets were registered to the high-resolution structural image from which the surface representation was created. This automated registration was subjected to visual inspection and manual adjustments, using the Freesurfer tool 'tkregister2' as well as SPM's 'Check Registration' tool (Friston et al., 1995) . Additionally, AFNI's '3ddelay' tool was used to compute maps of response delays relative to ideal waveforms based on the retinotopic stimuli.
Analysis of V1 regions
Specific image analysis tools were chosen to allow us to address questions regarding size and localization of early visual areas. The first question was whether there were group differences in surface area of functionally defined V1. Two additional questions addressed the normalized anatomical locus of the V1 region: (i) is the anatomical variability of V1 within one group greater than the other? and (ii) are there between-group differences in V1 locations when compared in a normalized surface space?
Functional definition of V1 surface area and hemispheric area
We used Freesurfer tools to compute a region of interest (ROI) within each hemisphere of each participant that contained the portion of V1 that represented the visual field from 2 to 16 of eccentricity using the following procedures. First, a Fourier analysis of the two functional datasets for each individual produced maps of polar angle (which is mapped onto visual cortex with the rotating-wedge stimuli) and eccentricity (from the expanding-ring stimuli). From these results, field sign maps, which indicate whether the retinotopically organized visual field representations are mirror-reversed or preserved in cortex, were calculated and then displayed on the inflated surface ( Fig. 1) . The cortical area that contains the foveal representation is shared by multiple early visual areas; thus, we excluded the central 2 from the ROIs as indicated by the eccentricity phase maps (Dougherty et al., 2003) . Using the field sign maps to define superior and inferior borders, and corresponding eccentricity maps to define anterior and posterior extent, V1-V2 borders were manually traced to produce a V1 ROI on each participant's native space surface model, as illustrated in Fig. 2 . In-house tools were developed to visualize the 2 and 16 eccentricity locations and these were used to draw the posterior and anterior boundary lines of V1. Eccentricity maps from 3ddelay were used to aid and confirm the mapping of surface values to visual angles. This tracing was performed using SUMA ROI drawing tools (Saad et al., 2006) while blind to participant identity and diagnosis. Two analyses were carried out to account for the smaller brain size that has been reported in Williams syndrome (Reiss et al., 2000) .
First, Freesurfer's mris_anatomical_stats tool was used to compute statistics for whole hemispheres and for the specified V1 regions. The surface areas for each V1 ROI as well as the total hemispheric surface areas were computed on the white matter surface (Fischl et al., 1999b) . Second, an operator who was blind to subject identity manually delineated the medial aspect of the occipital lobe of each participant's cortical surface. The parieto-occipital sulcus served as the anterior border of this roughly triangular portion of the occipital surface. The superior and inferior borders were defined by the intersection of the medial aspect with the superior and inferior aspects of the occipital lobe, respectively. We computed V1 to medial occipital lobe ratios and submitted these ratios to our statistical analysis. Data were analyzed using ANOVA as implemented in Statistica (Statsoft, Tulsa, OK), with hemisphere as a within-subject (repeated measures) factor and diagnosis as a categorical predictor (between-groups random-effects) factor. This analysis was performed on whole hemisphere surface areas, on absolute V1 surface area values and on values computed both as a ratio of V1 area to total hemispheric area and as a ratio of V1 area to medial occipital lobe area.
Anatomical locale of V1 and its variability
The individual V1 ROIs described above were then projected to a standardized average cortical surface, based on a spherical surfacebased registration (Fischl et al., 1999b) , to compare the spatial distributions of V1 between individuals and between groups in a standardized space. To avoid any potential bias in the spherical registration, a customized template using all participants from both groups was first created with Freesurfer's mris_make_template tool. Next, the normalized V1 ROIs within each group were overlaid, and a node-by-node summation was performed to construct a surface-based 'overlap map', or 'probability map' (Amunts et al., 2000; Wohlschlager et al., 2005) , in which the value assigned to each node (specified by a particular displayed colour value) designated the percentage of participants within a group whose V1 area contained that node (Fig. 3A) . For example, if all 10 of the V1 ROIs for a particular group (Williams syndrome or control) were represented in a given node, that node was colour-coded in red, while if a given node intersected with only 1 out of the 10 participants' V1s, that node was colour-coded in blue. Each of the separate colour levels delineated a region of cortical surface within which a particular percentage of participants' functionally defined V1 overlapped. The surface area for each group was plotted with respect to the number of overlapping participants, to assess whether the within-group anatomical variability of the functionally defined V1 region differed between the two groups (Fig. 3B) . We reasoned that if we found relatively large surface areas which corresponded to low participant overlap, this would imply low coincidence of V1 representations (more variability in V1 locale), while relatively large surface areas corresponding to high participant overlap would imply more anatomical consistency of V1 locales within that group. We tested for between-group differences in these distributions using a non-parametric (Kolmogorov-Smirnov) test, which is generally regarded as one of the most useful and general non-parametric methods for comparing two samples, and is sensitive to differences in both location and shape of the empirical cumulative distribution functions of two samples (Brunk, 1965) .
In addition, we performed permutation tests to determine whether the overlap maps on the cortical surface differed between the two groups, based on the centres of gravity within the overlap maps. The distance (in mm) between the two groups' centres of gravity was computed and this distance was used as the statistic of interest. Statistical testing consisted of randomly permuting the members of the two groups 1000 times, and recording this statistic. The P-value for this test corresponded to the rank position of the statistic in the canonical case (the correct labelling of the Williams syndrome and control group) in the distribution of that statistic generated from all 1000 permutations. The null hypothesis (i.e. that the two groups have the same centre of gravity) was rejected only if the permuted distance exceeded the canonical distance fewer than 50 out of 1000 times (corresponding to P50.05).
To rule out the possibility that any differences identified with these tests was an artefact of the spherical normalization process, curvature maps (displaying sulcal patterns) for each participant were projected onto the normalized average surface. Group averages of these curvature maps were then visualized to ensure that the calcarine fissure was in good alignment with the spherical template for both groups (see Supplementary Fig. S1 ).
Results

Behaviour
Both groups responded to the attentional task with a high degree of accuracy-participants responded correctly to the target stimuli with a button press during 490% of the trials, demonstrating good central fixation. Technical difficulties prevented the collection of behavioural data for four of the 10 Williams syndrome participants. The mean IQ of these participants (92) was identical to that of the remaining six Williams syndrome participants. In all cases, fixation was observed via a camera throughout scanning.
Functionally defined V1 surface area and total hemisphere area Crucially, when V1 was considered as a ratio to total hemispheric area, a two-way ANOVA demonstrated no significant main effect of group [F(1,18) = 0.228, P = 0.639], or hemisphere [F(1,18) = 0.392, P = 0.539] and no group-by-hemisphere interaction [F(1,18) = 0.861, P = 0.366]. Similarly, when V1 was considered as a ratio using the area of the medial occipital lobe as the denominator, we found no significant main effect of group [F(1,18) = 2.625, P = 0.123], or hemisphere [F(1,18) = 0.097, P = 0.759], and no group-by-hemisphere interaction [F(1,18) = 0.008, P = 0.930]. The results for data normalized by both total hemispheric area and medial occipital lobe area clearly show that the significant difference in absolute V1 area was explained by the overall difference in brain size (Fig. 2) .
For both groups, IQ did not correlate significantly with wholehemisphere surface area (controls: r = À0.108, P = 0.766; participants with Williams syndrome: r = À0.423, P = 0.224) or with V1 surface area (controls: r = À0.324, P = 0.361; participants with Williams syndrome: r = 0.172, P = 0.634). In the Williams syndrome group, there was no correlation between V1 area and performance on a visuospatial construction task (r = 0.195, P = 0.589), which the participants completed in a separate scanning session (Meyer-Lindenberg et al., 2004) .
Anatomical locale of V1 and its variability
As expected, the overlap maps (Fig. 3) showed approximate uniformity in the location of V1 for both participants with Williams syndrome and control participants. However, from these overlap maps it was qualitatively apparent that the control group's V1s were more consistent in neuroanatomical locale as demonstrated by more red areas in the controls' overlap maps and more yellow and green areas in the Williams syndrome overlap maps. The distributions shown in Fig. 3B display and quantify this observation, as the number of nodes with only 4-8 overlapping V1s was much greater for the Williams syndrome group, while the number of nodes where 9-10 V1s overlapped was much greater in controls. A Kolmogorov-Smirnov test comparing these distributions demonstrated significant between-group differences (P50.001) in V1 anatomical variability across both hemispheres. Thus, this result was due to a different pattern of overlap distribution in Williams syndrome: the amount of V1 surface area occupied in common by a high percentage of participants with Williams syndrome was small compared to controls, whereas the amount of surface area occupied by only a few Williams syndrome V1s was relatively large compared with controls, both indicating that Williams syndrome V1 spatial locale is less consistent than in control participants. We also performed this analysis for each hemisphere separately (left hemisphere: P = 0.0008; right hemisphere: P = 0.0011).
By inspection of the overlap maps (Fig. 3A) , V1s appeared to be localized slightly more anteriorly and ventrally within the occipital cortex of participants with Williams syndrome than in control participants. In the left hemisphere, the location of greatest withingroup V1 overlap or 'centre of gravity' in controls was located $24.5 mm away from the occipital pole, while the centre of gravity in Williams syndrome participants was 27.0 mm away from the pole (Fig. 4) . Similarly, in the right hemisphere, the centre of gravity in controls was located more posteriorly (21.8 mm away from the pole) than the centre of gravity in Williams syndrome (24.6 mm away from the pole; see Fig. 4 ). Importantly, MNI Distributions of V1 surface area overlap within each group (collapsed across hemispheres) illustrating the degree to which V1 areas were anatomically coincident within the two groups. Bars indicate the number of nodes occupied in common by 1-10 individuals in each group, respectively. Large surface area (increased number of nodes) for low participant counts (low percentage of the maximum number of participants) imply V1 areas with sparse coincidence (i.e. less overlap) across participants, while large surface area for higher participant counts (higher percentage of maximum) imply more highly coincident V1 topography. A KolmogorovSmirnov test indicated a significant difference (P50.001) between these two distributions.
coordinates for the V1 centre of gravity in controls (LH: À8, À79, 4; RH: 11, À81, 4) and Williams syndrome (LH 6, À77, 5; RH: 7, À78.4) were located in similar positions as previously reported in the literature (Hasnain et al., 1998; Wohlschlager et al., 2005) .
In Fig. 4 , the centre of gravity and its associated standard error for each group are displayed on a normalized average surface. The cyan and pink dots represent the centres of gravity of V1 regions for the Williams syndrome and control groups, respectively. The red and blue regions represent the areas within a radius (on the spherical surface) corresponding to the standard error of these individual distances from the group centre of gravity. Distances from the group centres of gravity to the centres of gravity of each of the individuals within the group were computed on spherical surfaces. While these subtle differences in the location of the centre of gravity were noted on inspection of the overlap difference maps and centre of gravity coordinates, permutation tests found no significant between-group differences in this parameter in either hemisphere (left hemisphere, P = 0.406; right hemisphere, P = 0.076).
Discussion
Our work provides the first use of retinotopy to define the functional neuroanatomy of V1 in Williams syndrome and one of the first uses of this technique in a human pathological condition that affects visuospatial processing. Surface-based methodology (Van Essen, 2004) was essential in delineating both the cortical extent of V1 and its spatial location relative to anatomical landmarks such as the occipital pole and the calcarine fissure, and creating overlap maps for each group (Amunts et al., 2000; Wohlschlager et al., 2005) was crucial for examining anatomical variability. With regard to spatial extent, the functionally defined V1 surface area was unaltered in Williams syndrome. In addition, our previous study of functional activation of the dorsal and ventral visual processing streams in Williams syndrome (Meyer-Lindenberg et al., 2004) , while not specifically designed to probe early visual processing, did not find abnormalities in V1, but, rather demonstrated functional and structural abnormalities in hierarchically later dorsal stream areas. Taken together, these findings are consistent with and help to define the neurobiological basis of the behavioural data for individuals with Williams syndrome that indicate (i) intact early visual processing, (ii) relatively spared ventral stream cognitive operations and (iii) impairment on visuospatial tasks related to the dorsal stream (Atkinson et al., 1997; Bellugi et al., 2000; Paul et al., 2002; Landau et al., 2006; Vicari and Carlesimo, 2006; Mervis and Morris, 2007) .
While the present study focused on the functional definition of the boundaries and spatial extent of V1 proper, several investigations of the anatomy of the occipital lobe as a whole in Williams syndrome have been reported. Some of these have defined brain shape differences in Williams syndrome based on anatomical MRIs (Schmitt et al., 2001; Reiss et al., 2004) . These studies used shape-based morphological analysis, ROI methods and voxel-based morphometry; they report smaller Williams syndrome brains, smaller occipital cortices and decreases in cortical and subcortical extrastriate areas. Our study's findings, in part, complement those of Reiss et al. (2004) and Thompson et al. (2005) ; we found decreased hemispheric areas and noted a tendency for V1 to be smaller in Williams syndrome, but only when V1 area was not corrected for the between-group difference in overall brain size. In a voxel-based morphometry analysis of a group of participants with Williams syndrome that included the individuals in the present study, we did not find any grey or white matter changes in the region around the calcarine sulcus (Meyer-Lindenberg et al., 2004) .
Our V1 measurements in control participants align well with those from previously published reports using similar retinotopic mapping procedures (Dougherty et al., 2003; Wohlschlager et al., 2005) as well as with histological studies of Brodmann Area 17 (Amunts et al., 2000) . In the present study, we measured a subregion of V1 representing 2-16 of the visual field.
Dougherty and colleagues used a slightly smaller visual angle, reporting V1 measurements representing 2-12 . Nevertheless, the mean surface area measurements from the control participants in this study (mean V1 measurement: 1286.3 mm 2 ) are very similar to those of Dougherty and colleagues (mean V1 measurement: 1470 mm 2 ). Conner et al. also measured V1 in adults from the general population and reported a comparable, albeit slightly smaller, size of V1 (800-1200 mm 2 ) using eccentricity stimuli that extended 15 on the diagonal (Conner et al., 2004) . Further, our results replicate those of Hasnain and colleagues who reported highly similar MNI coordinates for V1 centre for gravity (Hasnain et al., 1998) . The cellular properties of V1 in postmortem Williams syndrome brains have been explored by Galaburda et al. (2002) ; that study reported cell-packing density differences as well as cell size differences, in the left hemisphere only, with interactions between cellpacking density and layers in peripheral visual cortex (Galaburda et al., 2002) . However, the functional implications of these findings are unclear because individuals with Williams syndrome do not show early visual processing deficits per se. Our study suggests that the histological findings do not translate into reduced V1 surface area as defined functionally by retinotopy in vivo.
Visualization of the V1 overlap maps revealed anatomical variability within and between groups. Our formal statistical analysis of localization of V1 using surface-based overlap maps showed significantly more between-participant anatomical variability in Williams syndrome and but no significant differences in V1 centre of gravity between the Williams syndrome and control groups. This is particularly intriguing in light of our previous findings of statistically decreased grey matter volume (and decreased sulcal depth) in the region of the intraparietal sulcus in this participant population (Meyer-Lindenberg et al., 2004; Kippenhan et al., 2005) , since it is conceivable that the intraparietal structural change might be accompanied by variability in locale in other visual areas, such as that seen in Figs 3 and 4 and reflected by other studies (Schmitt et al., 2001; Reiss et al., 2004) . Our results, while not uncovering a significant difference in locale on the group level, provide a cautionary note for histopathological studies of this region and others in individuals with Williams syndrome because typical neuroanatomical landmarks may not correspond to architectonic characteristics. For example, if V1 were located more ventrally in some individuals with Williams syndrome, the dorsal bank of the calcarine sulcus in those individuals could contain neurons that are functionally and architectonically part of V2, a region that normally corresponds to BA18, which may have higher cell density than BA 17 (Brodmann, 1909; Amunts et al., 2000) . This speculation further demonstrates the importance of in vivo delineation of the extent and locale of functionally recruited cortical regions in genetically determined pathological conditions such as Williams syndrome.
Several caveats and remaining questions should guide future studies in this area. First, as retinotopic mapping utilizes different experimental procedures and analysis techniques than more traditional activation studies, our findings do not immediately translate to other paradigms used to assess V1 activity, such as those that compare a more active state to a low-level baseline task. fMRI studies of face and gaze processing and global image processing abilities of individuals with Williams syndrome did in fact report evidence of abnormal early visual stream dysfunction as well as dysfunction in a number of additional areas, but participant selection and methods were quite different from ours (Mobbs et al., 2004 (Mobbs et al., , 2007 and those experiments were not designed to address the elementary type of visual processing that is the cognitive domain of V1. Furthermore, early visual areas were only included in a large cluster encompassing a number of other regions, and the methodology employed was not optimized for localizing dysfunction in early visual cortex. Further advances in our understanding of the neurobiology of Williams syndrome should build on the present results to specifically probe with high-resolution functional neuroimaging whether normal V1 cortical extent translates into normal V1 function during early visual perception tasks in Williams syndrome. Second, high-field strength diffusion tensor imaging of the visual areas and retinotopic mapping of other occipital areas in individuals with Williams syndrome will also be an important adjunct.
Further, the null findings from this study should be interpreted carefully. While the Williams syndrome cognitive profile would predict that early visual areas would be relatively intact, it is possible that there are very subtle differences in the size and location of V1 that the study did not have the power to detect or that the data for the four subjects who lacked behavioural data contributed to the negative finding. Indeed, while we did find differences in the number of overlapping V1 nodes in Williams syndrome and control participants, indicating more anatomical variability in Williams syndrome, we did not find significant differences when comparing the spatial locale with respect to the centre of gravity. Future studies using more recently developed imaging technology (e.g. surface coils and higher-resolution fMRI sequences) should be used to further explore the retinotopically defined visual areas in Williams syndrome, which will allow the definition of the extent of other cortical areas (V2, V3, VP, etc.).
The compliance and cooperation of our high-functioning participants with Williams syndrome allowed us to demonstrate that the genetics of Williams syndrome do not mandate V1 abnormalities, even in individuals who have known dorsal visual steam structural and functional abnormalities [as has been demonstrated in these same participants in Meyer-Lindenberg et al. (2004) and Kippenhan et al. (2005) ] and who demonstrate the hallmark visuospatial abnormality behaviourally. However, it will be important in future studies to also evaluate V1 in intellectually impaired participants to assess the generalizability of our findings to the overall Williams syndrome population. As imaging techniques and facilities improve, such studies may become feasible. Eye-tracking during scanning, which was not employed during the present study, will be an important component of such investigations.
It has been noted that $50% of the Williams syndrome population has visual problems including strabismus, refractive error and amblyopia (Atkinson et al., 2001 ). In our sample, two participants with Williams syndrome had clinical strabismus, which has been shown to cause functional (stereopsis problems) and microscopic structural (altered horizontal cells in primates and kittens) changes, which, in turn, could lead to higher-level visual problems (Birch and Stager, 1985; Lowel and Singer, 1992; Tychsen et al., 2004) . However, in a large sample of children with Williams syndrome, Atkinson and colleagues (2001) found no correlation between peripheral visual problems in acuity and stereopsis and the visuospatial construction problems that are paramount in the syndrome. Moreover, even with the inclusion of two participants with Williams syndrome who had strabismus our findings were largely normal.
With respect to our findings on differences in V1 overlap, we specifically addressed potential concerns regarding two crucial aspects of our methodology for which biases or systematic errors could theoretically have produced similar results that were artifactual. These concerns were (i) registration of functional (polar and eccentricity) and structural images and (ii) surface-based spherical registration used to project V1 areas to the standardized surfaces. Regarding the first issue, registrations between functional and structural images were subjected to close visual inspection, using two complementary software visualization tools. The second concern, namely that the spherical registration process had failed to properly align the calcarine fissures of the participants with Williams syndrome with respect to the template, motivated us to create the images in Supplementary Fig. S1 , which show patterns of sulcal curvature for both groups. These images clearly demonstrate that the spherical registration of the structural features did not result in displacement of the calcarine fissures of the participants with Williams syndrome relative to those of the control participants.
In summary, this study provides the first functional brainimaging evidence that the earliest cortical visual processing area, as measured by retinotopically mapped cortical extent of area V1, is spared in Williams syndrome, a genetic syndrome whose cognitive hallmark is visuospatial construction impairment. This demonstration of largely intact functional neuroanatomy of primary visual cortex in Williams syndrome, together with the lack of correlation between cognitive measures and V1 size, advances our understanding of the neural substrate underlying the genetically based visuospatial construction deficit in Williams syndrome by adding support for the contention that visuospatial processing problems in Williams syndrome are not accounted for by abnormalities in early visual areas (Atkinson et al., 1997) , but rather emerge from anomalies in later dorsal visual processing stream regions (Meyer-Lindenberg et al., 2004 , 2006 . We also demonstrated an interesting difference in the degree of V1 neuroanatomical variability in Williams syndrome compared with controls, which points to genetic influences in neurodevelopment. This finding should guide future research, specifically the further study of individual genes in the Williams syndrome critical area of chromosome 7q11.23, their actions in the neural development of Williams syndrome, and their role in visual system development in humans.
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